Generation of self-healing and transverse accelerating optical vortices
Self-healing and transverse accelerating optical vortices are generated via modulating Gaussian beams through subsequent liquid crystal q-plate and polarization Airy mask. We analyze the propagation dynamics of these vortex Airy beams, and find that they possess the features of both optical vortices and Airy beams. Topological charges and characteristics of nondiffraction, self-healing, and transverse acceleration are experimentally verified. In addition, vortex Airy beams with both topological charge and radial index are demonstrated and mode switch among Gaussian, vortex, vector, Airy beams and their combinations can be acquired easily. Our design provides a flexible and highly efficient way to generate unique optical vortices with self-healing and transverse acceleration properties, and facilitates prospective applications in optics and photonics. Published by AIP Publishing.
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Optical vortices (OVs) have been attracting intensive attention over the past few decades. Thanks to their helical wavefronts and donut-like intensity distributions, 1 OVs play important roles in optical tweezers, 2 opticial communications, 3 quantum computing, 4 high resolution imaging, 5 and so on. Recently, introducing more features to OVs has drawn particular interests. Nondiffraction property was introduced via specific high order Bessel beams 6 or by superposition of several OVs. 7 By imposing OVs on Airy beams (ABs), vortex Airy beams (VABs) possessing transverse acceleration property were proposed. 8 Additionally, ABs are also nondiffracting and hold self-healing feature. 9 Thus, VABs may bring a series of innovative characteristics to OVs and opportunities to corresponding applications.
Up to date, a few works were reported on the demonstration of VABs. A straightforward way is encoding a phase singularity into a cubic 10 or 3/2 11 phase pattern implemented by a spatial light modulator (SLM). However, beam expansion is required to match the size of SLM chip, which is composed of numerous discrete pixels driven separately. 12 The strategy suffers from high cost, optical inefficiency (less than 40%), and limited beam quality. The other is through illuminating a dielectric metasurface with an AB, which is also generated via an SLM. 13 The metasurface is fabricated through a time consuming femtosecond laser writing process, and the obtained geometric phase functions efficiently only for a fixed wavelength. Besides, the previous researches mainly focus on the transverse acceleration property and most of them are simulation works. Therefore, exploiting simple and efficient techniques for VABs generation and systematically investigating their propagation dynamics are of obvious significance.
Here, VABs are generated via modulating Gaussian beams through subsequent liquid crystal (LC) q-plate 14 and polarization Airy mask (PAM). 15 Both the LC geometric phase elements are made based on photoalignment technique with each exposure process costing only 5 min. 16 The optical setup is compact and the total efficiency is drastically improved to over 80%. We experimentally investigate the propagation dynamics of generated beams and verify the topological charge, quasi-nondiffraction, self-healing, and transverse acceleration properties of VABs. The work may enhance the applications of OVs in multi-dimensional particles manipulation, precise optical processing, lossless quantum-communication transmission, and even some uncharted fields.
The optical setup for the generation and measurement of VABs is schematically depicted in Fig. 1 . A 671 nm Gaussian laser beam is adopted as the source. A polarizer and k/4 plate are utilized to adjust the polarization state. The angle between the c-axis of the k/4 plate and the polarizer direction is set to be 45 or À45 to get left or right circularly polarized light. Then the beam is converted to designed OV via specific q-plate. Finally, the VAB is generated after the modulation of LC PAM and a spherical lens (f ¼ 125 mm). The resultant intensity distribution is captured by a CCD.
For q-plates, the direction of optical axis can be described as a(r, u) ¼ qu þ a 0 , where (r, u) is the polar coordinate representation, q is the topological charge of the q-plate, and a 0 is the initial angle when u ¼ 0. 17 For the LC PAM, its geometric 14, 15, 18 Corresponding micrographs are shown in the upper row of Fig. 1 . In our work, the phase retardations of the LC elements are electrically tuned to satisfy the half-wave condition. For a left circularly polarized input light, its electricfield can be described by Jones vector
After passing through the q-plate, it will be transformed into the following expression:
The emerging wave is right circularly polarized and transformed into a helical wave with orbital helicity m ¼ 2q. After further propagating through the PAM, its Jones matrix M is multiplied; thus, the phase factor will be modulated as 15, 19 
Obviously, the beam carries orbital angular momentum (OAM) given by 2q¯, exhibits the characteristics of a cubic phase modulation, and keeps the original polarization state. Figure 2 (a) exhibits the intensity distribution of obtained VAB with designed topological charge m ¼ 2q ¼ 1. It consists of a ring-like main lobe and a family of side beamlets whose intensity decays exponentially. Theoretically, the incident light can be totally converted into the designed VAB, while an efficiency of 80% is obtained due to the reflection loss. To verify the topological charge, the astigmatic transformation method 20 is employed by substituting a cylindrical lens (f ¼ 100 mm) for the spherical lens. Figure 2(b) shows the converted pattern captured at the Fourier transform plane. Obviously, the number of the dark stripes between the main transformed lobe is one, consistent with its topological charge. An m ¼ 2 VAB is demonstrated as well, and its intensity distribution and the astigmatic transformation pattern are shown in Figs. 2(c) and 2(d), respectively. Thanks to the excellent flexibility of photoalignment technique, more complex OVs can be easily generated.
14 For instance, two high-order Laguerre-Gaussian (LG) beams with both topological charge and radial index (LG 1 1 and LG 2 1 ) are produced, and corresponding two-ringed OVs are shown in Figs. 2(e) and 2(f), respectively. They may find special applications in gravitational wave detection 21 and the trapping of cold atoms. 22 It is worth mentioning that mode switches among Gaussian, vortex, vector, Abs, and their combinations can also be realized. Briefly, by electrically tuning the phase retardation of LC PAM or q-plate it can be concluded that if they are equal to 0 or 2p simultaneously, Gaussian beam maintains, or if they are tuned separately, OV or AB will be generated accordingly. On the other hand, by rotating the k/4 plate to obtain linear polarization, the previously generated OV or VAB will be changed to vector beam or vector Airy beam. This flexibility drastically facilitates the beam shaping and control.
We take m ¼ 1 VAB as an example to measure the propagation dynamics. First, nondiffraction property is tested. Figures 3(a) and 3(b) depict the intensity profiles of OV nested in AB and in free space tested at the same distances, respectively. Herein, we define the focal plane of the spherical lens as the original recording point (d ¼ 0 cm), and free space OV with the same full width at half maximum (FWHM) as d ¼ 0 cm OV nested in AB is selected as a reference. For better comparison, the tendencies of intensity and FWHM changes versus d are calculated and presented in Figs. 3(c) and 3(d) . Obviously, for OV in AB, the light intensities decrease and the FWHMs increase slower along propagation than OV in free space. Theoretically, for an ideal AB, which is infinite in space and energy, the beam profile is unaltered in propagation. Actually, produced ABs and VABs are finite; thus, only quasi-nondiffraction phenomenon can be observed.
Subsequently, the self-healing feature is investigated. A needle with a diameter of $400 lm is inserted into the light path to partly block the main lobe and the distorted light fields along propagation are shown in Figs. 3(e)-3(g) . At first, the main lobe is seriously destroyed, and then the broken OV recovers gradually with the VAB propagation. Astigmatic transformation is implemented again to verify the recovered topological charge, and the converted pattern is displayed in Fig. 3(h) . A dark stripe can be clearly observed at the converted main lobe pattern in spite of some deformation, revealing a recovered m ¼ 1 OV. The results vividly validate the self-healing property of the VAB. Finally, self-acceleration, another exotic characteristic of VAB, is studied. The transverse deflections at different propagation distances are measured and marked in Fig. 4 with three transverse profiles inserted. The red line is a parabolic fit of the experimental data, demonstrating the selfacceleration of OVs embedded in ABs.
In conclusion, we propose a simple and highly efficient way to generate high-quality VABs with excellent flexibility. Characteristics including topological charge and transverse acceleration are verified, and the self-healing and quasinondiffraction phenomena are experimentally demonstrated and analyzed. The technique also exhibits merits of low cost, compact configuration, electrical tunability, and switchability. The work supplies more possibilities in applications such as complex optical manipulation, precise optical processing, and so on. 
